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ABSTRACT

We are developing arrays of position-sensitive transition-edge sensor (PoST) X-ray detectors for future astronomy
missions such as NASA’s Constellation-X. The PoST consists of multiple absorbers thermally coupled to one or more
transition-edge sensor (TES). Each absorber element has a different thermal coupling to the TES. This results in a
distribution of different pulse shapes and enables position discrimination between the absorber elements. PoST’s are
motivated by the desire to achieve the largest possible focal plane area with the fewest number of readout channels and
are ideally suited to increasing the Constellation-X focal plane area, without comprising on spatial sampling. Optimizing
the performance of PoST’s requires careful design of key parameters such as the thermal conductances between the
absorbers, TES and the heat sink, as well as the absorber heat capacities. Our new generation of PoST’s utilizes
technology successfully developed on high resolution (~ 2.5 eV) single pixels arrays of Mo/Au TESs, also under
development for Constellation-X. This includes noise mitigation features on the TES and low resistivity electroplated
absorbers. We report on the first experimental results from new one-channel, four-pixel, PoST’s or ‘Hydras’, consisting
of composite Au/Bi absorbers. We have achieved full-width-at-half-maximum energy resolution of between 5-6 eV on
all four Hydra pixels with an exponential decay time constant of 620 ps. Straightforward position discrimination by
means of rise time is also demonstrated.
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1. INTRODUCTION

We are developing arrays of transition-edge sensors (TES’s) for the X-ray Microcalorimeter Spectrometer (XMS)
instrument on NASA’s Constellation-X mission [1]. The Constellation-X reference configuration we consider here is
based around a 10 m focal length with 5.5x5.5 arc minute field-of-view and 5 arc second position resolution. This is
coupled with a full-width-half-maximum (FWHM) energy resolution of 2.5 eV (at an energy of 6 keV) over the center
2.75x2.75 arc minutes of the array at count rates of 1000’s per pixel per second. The outer section of the array requires <
10 eV at more modest rates of a 10-100’s counts per pixel per second. This configuration enables the study of bright,
variable astrophysical point sources at high spectral resolution as well as extended sources. Figure 1 shows a schematic
of the proposed focal plane layout.
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2. POSITION-SENSITIVE DETECTORS

In order to meet the stringent resolution and count-rate requirements of the central field-of-view elements, we are
developing a 32x32 single pixel TES array (250 um pixel pitch) [2]. The high density of electrical wiring and increased
heat loads from bias and read-out circuitry make a single pixel array a less favorable option for providing the outer focal-
plane elements (3072) of the XMS, and warrant an alternative approach. Consequently, we are pursuing position-
sensitive TES’s (PoST’s) [3,4]. PoST’s consist of multiple absorber elements each with a different thermal coupling to
one or more TES. This differential thermal diffusion to the sensor results in a characteristic pulses shape for each
absorber element and enables position discrimination. PoST’s are well suited to increasing the field of view for missions
such as Constellation-X without significantly increasing the number of required read-out channels.

Compared to their single pixel equivalents, the PoST design will in general suffer from a degraded energy resolution and
count-rate capability. The energy resolution of a microcalorimeter scales with the square root of the total heat capacity
C, so an N absorber PoST with a single read-out sensor will suffer a N'? degradation in energy resolution. Furthermore,
a loss in maximum count-rate capability per spatial sampling element of ~ N’ will result due to an N times slower
thermal decay (decay time varies as 1/C) coupled with the N times larger area

—
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Fig. 1. Schematic diagram of a large format imaging array such as that proposed for Constellation-X. The first inset shows a
SEM image of a four pixel PoST which is read-out using a single TES beneath one of the absorbers. The second inset
shows a magnification of the composite Au/Bi absorber surface showing the individual grains of bismuth, which are
typically several microns in size. When an X-ray photon is absorbed in a grain it thermalizes vertically before
equilibrating with the rest of the absorber through the Au layer.

The conventional approach to designing a PoST has been to readout a one-dimensional, continuous or segmented,
absorber with TES’s at both ends [3,5-6]. In this configuration, the sum of the TES signals gives energy information and
the difference between the signals yields position information. Using a segmented absorber simplifies the position
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determination; since instead of having a continuum of pulse shapes we have a discrete population corresponding to each
absorber segment, which we can refer to as a pixel. The energy of the photon can then be calculated using a single stored
digital optimal filter referenced for each pixel. Although using more than one sensor to read-out a PoST is advantageous
from the point of view of position discrimination, it is not actually necessary. Position information is encoded in the pre-
equilibration pulse shape, thus it is possible to make a PoST by connecting several absorbers to a single TES via varied
thermal links. This is attractive for several reasons. Firstly, two-channel PoST’s perform best when the TES’s have
exactly the same transition temperatures. A need to establish even a small temperature gradient across the high-
conductivity absorber will require a significant difference in the bias power applied to each TES. Secondly, the electrical
grounds of the two TES’s are connected via the absorber. For common-bias schemes to work, this will require a very
small common shunt resistor. Furthermore, for the same number of pixels per TES, the heat capacity and hence the
energy resolution will be better in a 1-TES PoST. Therefore, in addition to the 2-channel PoST’s, we are developing
single-channel PoST’s or ‘Hydras’ [4].

Figure 2 shows average pulse shapes from a typical Hydra design as described in Section 3, also shown is a simple
thermal model of the Hydra concept showing four absorbers with different thermal couplings to a single TES. By
controlling the thermal conductance of the internal links G, it is possible to optimize the Hydra design for position
discrimination or energy resolution. In the limit of high internal link conductance relative to the bath conductance G,/G,
— oo, the Hydra will act as a single pixel with optimum energy resolution but no position discrimination. By slowing the
internal links to different values we can introduce position discrimination between the different pixels. However, in
doing so we introduce internal thermal fluctuation noise between the absorbers and the TES, which degrades the energy
resolution. Thus there is an intrinsic trade-off between the energy resolution and position sensitivity. The ability to
discriminate between pulses varies inversely with photon energy, thus the Hydra must be designed to give position
sensitivity at the lowest energies of interest. Using the models and signal processing algorithms described in refs [4,7-8]
we can optimize the Hydra heat capacities and thermal conductances to give equal position discrimination between
pixels, coupled with optimum energy resolution.
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Fig. 2. Experimentally measured average pulse shapes for typical Hydra design described in Section 3. After the initial
position-dependent equilibration signal the pulses decay with the same exponential rate. The inset shows a simple
thermal model of the Hydra concept including four absorbers with different thermal couplings to a TES, which is in
turn weakly thermally coupled to a heat sink.

Proc. of SPIE Vol. 7011 701126-3



3. DETECTOR DESIGN AND FABRICATION

The Hydra design is based around our successful development of single pixel Mo (45 nm)/Au (200 nm) bilayer TES’s
with electroplated, vacuum-gap, Au and composite Au/Bi absorbers [6,7]. Using composite absorbers allows us to tune
the heat capacity of the device for optimum energy resolution whilst maintaining a high quantum efficiency (QE). The
TES’s are deposited onto low stress silicon-nitride membranes of thickness typically 1-2 um. Atop the TES we deposit
normal metal (Au) features such as banks along the side of the TES, which improve the uniformity of the
superconducting-to-normal transition [10], and interdigitated stripes, which reduce the excess noise in our TES’s [11].
The electroplated bismuth has grain sizes of typically several microns and has an order of magnitude lower electrical
resistivity than our evaporated bismuth [12]. These high purity electroplated absorbers are designed for rapid thermal
diffusion of the X-ray photon energy to the TES. The absorbers are connected to the TES via ‘T’ shaped stems, which
are designed to minimize additional normal metal contact area with the TES that has the potential to change its
performance. This technology has enabled us to produce uniform 8x8 arrays of single pixel TES’s with FWHM energy
resolution of ~ 2.5 eV and decay times ~ 500 us [13].

The first Hydra pixel is identical to our baseline pixel design, consisting of an electroplated vacuum-gap absorber
strongly thermally coupled directly to the TES via a ‘T’-stem. Three additional electroplated absorbers are supported
directly on the silicon-nitride via identical “T’-stems. The silicon-nitride membranes are 418x418 um®. For the first
fabrication runs we choose 1 um Au with 4 um Bi atop. The bismuth layer provides a significant fraction of the stopping
power whilst the Au provides rapid thermal diffusion. The total quantum efficiency of the absorber is ~ 95 % at 6 keV.
The lateral dimensions of the absorber are 236 um. These pixels are thermally coupled to the TES pixel via Ti (20
nm)/Au (200 nm) metal links which are deposited by electron-beam evaporation and have an electrical resistivity of 0.37
nQ-cm at 4.2 K. We vary the length (64-802 um) and width (7.7-18.3 um) of the links to tune the thermal conductance
to the necessary value. The heat capacity of the links are designed to contribute no more than ~ 1 % of the total heat
capacity of the Hydra.

Membrane
perforations

L ‘T’-Stem absorber

Au thermal link attachment
connecting

absorbers to the

TES pixel

Composite electroplated
<+——Au (1 um) / Bi (4 um)
absorber

Mo/Au bilayer TES
with interdigitated
metal stripes

Fig. 3. Schematic diagram of the Hydra concept, which shows four absorber outlines with ‘T’-stems thermally coupled to
the TES via thin Au links.

The thermal conductance between the TES and the heat sink is controlled by the silicon-nitride membrane. For a fixed
membrane thickness d, this conductance has been shown to scale with only the perimeter of the TES in contact with the
membrane [14]. The Hydra design has a significantly more complex geometry than our single pixel TES’s and the
phonon emitting perimeter is likely to be several times larger. Although a larger thermal conductance to the bath is
preferential for achieving high speed, the larger operating current can result in non-ideal effects such as an increase in
excess noise. For our single pixel devices, perforations around perimeter of the TES are shown to proportionally reduce
the phonon emitting area and hence the conductance to the bath [14]. To investigate the performance of these devices
with different thermal conductances to the heat sink we have added different levels of perforations around the edge of
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the Hydra membrane. Four different chip types were fabricated with different levels of membrane perforations, 0 %, 50
% and 75 %. On each chip we fabricated 24 Hydra’s with three different sets of internal links. In total, there were five
different sets of links to cover all four membrane perforation levels.

4. RESULTS AND ANALYSIS

Different chips from two different wafers were tested on several experimental runs in an adiabatic demagnetization
refrigerator (ADR) with an operational base temperature of ~ 50 mK. The devices were read-out using SQUID’s,
provide by Physikalisch-Technische Bundesanstalt (PTB, Berlin), with low total circuit inductance of typically 10-20 nH
[15]. This allowed us to characterize the intrinsic pulse shapes without significant attenuation from the readout
electronics. Devices were illuminated using an *>Fe X-ray source (~ 100 uCi) which provided a flux of Mn-Ka. and Mn-
KB X-rays of energy 5898 and 6490 eV respectively. A small copper collimator reduced the number of background
frame hits to a minimal level. The measured count-rate per Hydra was of the order a few per second. Data acquisitions
were typically over ~ 6 hr periods over which time several 10,000°s of pulses were logged using a 14-bit analogue-to-
digital (ADC) converter.

On the first fabricated wafer we measured a transition temperature of ~ 86 mK, uniform across many devices. The
thermal conductance to the bath G, ranged between 0.5 nW/K and 1.4 nW/K (at 100 mK) across numerous devices with
different membrane perforations. However these data were not correlated with the level of perforation and it was
subsequently found from scanning electron microscope (SEM) images that the absorbers had drooped at the edges
causing a direct thermal short to the silicon frame. This was found to be a common feature of all devices though the
degree of the thermal shorts varied significantly. This can result in non-idea effects such as athermal phonon loss directly
to the frame [16] and non-uniform equilibration of the absorbers. In addition, the internal links were designed to give
optimal energy resolution for a bath conductance of between ~ 100-500 pW/K (at 100 mK), thus many of these devices
were far from optimized. On a second fabrication run we optimized processing steps and fixed this problem, however the
transition temperature was slightly higher at 106 mK. The device heat capacity was measured at ~ 1.9 pJ/K (at 100 mK).
Figure 1 includes SEM images of the Hydra absorbers from this second wafer. Table 1 shows a summary of the internal
and external thermal conductances for several devices. Hydra 1 is from the first wafer and Hydras 2-4 from the second
wafer. Also shown is the measured energy resolution from Mn-Ka X-ray testing and the baseline resolution. Despite the
drooping absorbers, we were still able to achieve impressive FWHM energy resolution of around 5-6 eV (close to the
measured baseline resolution) on this one particular device from the first wafer. For this device the thermal conductance
was ~ 40 % in excess of that expected without any thermal short to the frame. The thermal decay time was 620 ps.
Figure 4 shows an Mn-Ka spectrum for Hydra 1 pixel 2 with an energy resolution of 5.05+0.14 eV. Hydras 2-4 from
wafer 2 have approximately the same thermal conductance to the bath but different internal link strengths (fast, medium
and slow respectively). The energy resolution of a microcalorimeter scales approximately as 7°7 thus the higher
transition temperature of the second wafer degraded the resolution from ~ 5 eV on wafer 1 to ~ 7 eV.

Table 1. Internal (G,.,) and external (G}) thermal conductances for 4 different Hydra devices (referenced at 100 mK). Also
shown is the optimally filtered FWHM energy resolution for the 4 Hydra pixels at 5.9 keV (AE|4) and the optimally
filtered baseline resolution (AEg;4). The heat capacity of the devices was estimated to be ~ 1.9 pJ/K (at 100 mK) and
the transition temperatures were 86 and 106 mK for wafers 1 and 2 respectively. All these devices were fabricated on
50% perforated membranes.

Gb Gz G3 G4 T
Hydra | @ WiK) | @W/K) | @W/K) | (aW/K) AE;4 (V) AEg4 (V) (ms)
1 058 | 297 2.1 66 | 5.85.5.05,604 563 | 3.75.4.46,540,5.60 | 0.62
2 045 | 297 2.1 6.6 | 7.66,6.70.7.25.7.57 | 5.10,5.84. 6.68,7.26 | 0.83
3 0.39 15 6.1 33 | 7.69,6.65.7.56,8.82 | 533,6.89,807,894 | 081
4 0.43 6.1 25 135 | 7.10,7.55,930, 10.00 | 4.48.7.16,8.70.9.98 | 0.99
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For all Hydras in Table 1, the Mn-Ka energy resolution for the best coupled pixel to the TES had quadratic broadening
above the listed baseline resolutions. For Hydra 1 this broadening was 6.6 eV and for Hydras 2-4 this was 13.5, 10.5 and
8.5 eV respectively, apparently decreasing with slower internal link conductances. By applying a low pass filter of
between 5-7.5 kHz to the digital optimal filter, effectively suppressing high frequency components in the signal band, we
were able to improve the resolutions to a comparable level to the other pixels (as is listed in Table 1). In doing so, we
reduce the useable bandwidth and degrade baseline resolution. This behavior shows there are high frequency fluctuations
in the signal band on a pulse-by-pulse basis, and is strongly indicative of position dependence within the absorber [17].
Due to contamination of the Au electroplating solution on wafer 2, the low temperature (4.2 K) electrical resistivity of
the absorber material was degraded by ~ 2.5 times that of the first wafer. This is a likely reason why the broadening
terms were significantly worse for the second wafer, since the electrical resistivity is inversely proportional to the
thermal diffusivity. Absorber pixels 2-4 do not show any broadening above the baseline resolution because they are
thermally decoupled form TES. Thus any high frequency position dependent signal components are naturally suppressed
through the thermal links. The degree of position dependence will in general depend upon the ratio of the conductance
out of the absorber to the conductance within the absorber. If energy leaves the absorber before the absorber has fully
equilibrated then position dependence can occur. The pre-equilibration signal of the Hydra is intrinsically sensitive to
position dependent broadening because the conductance out the first pixel to the other three is typically high (around 50
nW/K for Hydra 1 for example). In our single pixel TES the only energy loss from the absorber is via the TES, which
typically has an electro-thermal conductance of around 1-2 nW/K. This evidence suggests that a significant increase in
the absorber diffusivity is required to eliminate position dependence in these absorber pixels. On future fabrication runs
we will investigate optimizing the ratio of the Au/Bi thickness for improved absorber diffusivity.
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Fig 4. Left: A spectrum of Mn-Ka. X-rays from an *Fe source for Hyrda 1 pixel 2 (as listed in Table1) with Bi/Au absorber.
The instrumental function is consistent with a Gaussian response with a resolution of 5.05+0.14 eV FWHM. The
dashed line shows the intrinsic line shape from Holzer et al. [18], with correction and extension provided by Holzer via
private communication. Right: Gaussian fit to the baseline noise.

For all these devices position discrimination at 6 keV was easily demonstrated from pulse-height versus rise-time (20-
80%) analysis. Figure 5 shows raw pulse-height/rise-time data from typical data set for Hydra 2. The Mn-Ka
distributions are marked on the plot and the pixels are clearly well separated. Figure 5 also shows the average pulse
height-rise time of many pulses for Hydras 2-4 with the fast, medium and slow thermal links. The measured rise times
show very good agreement with theoretically modeled values. Slowing the internal links increases the separation
between the pulses but degrades the resolution because of the increased thermal fluctuation noise. Constellation-X
requires position sensitivity down to energies as low as 300 eV, thus in future runs will we utilize low energy X-ray
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sources to investigate position sensitivity at energies of 1.5 keV and below. Although clearly adequate at the higher
energies, rise-time discrimination is non-optimal and may not be an accurate technique in the low energy range. We are
investigating digital signal processing algorithms based around the optimal filter, which allow theoretically optimized
determination of event position [4,7] down to much lower energies. We will be implementing these algorithms on real
data in the near future. Such algorithms will allow us to further tune the thermal conductances for optimum energy and
position sensitivity.
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Fig 5. Left: Raw rise time vs. pulse height for Hydra 2 (see Table 1) for Mn-Ka and Mn-Kf3 X-rays. The low energy
continuum is due to electron loss events and accounts for ~ 3 % the total events. Right: Average rise time vs. pulse
height for Hydra 2-4, which have fast, medium and slow internal links respectively, and approximately the same
thermal conductance to the bath. Figure 2 shows the average of the pulses shapes corresponding to Hydra 2 with the
fastest link configuration.

S. CONCLUSION

We have demonstrated the first experimental results for four-pixel position-sensitive Hydras. These first generation
devices demonstrate proof of concept and already meet the initial target specifications for energy resolution and decay
time for Constellation-X. The best results have demonstrated a FWHM energy resolution of between 5.1 and 6.0 eV
across all four pixels with a pulse decay time of ~ 620 ps. Straightforward position discrimination, using pulse rise time,
has been demonstrated at 6 keV. A > 6 eV broadening in the energy resolution of the most strongly coupled absorber to
the TES, has been attributed to position dependence within the absorber. By bandwidth limiting the optimal filter we
were able to reduce this broadening to a level which gives comparable resolution to the other pixels. Further studies are
required in order to optimize the relative thicknesses of the Au/Bi in order to improve diffusivity whilst maintaining low
heat capacity for optimum energy resolution. In addition to these 4-pixel designs, we intend to investigate 6 and 9-pixel
Hydras. Such devices would further decrease the number of read-out channels for the Constellation-X extended field-of-
view, whilst maintaining a theoretical energy resolution of 10 eV or less.
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